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Abstract: This study proposes a new use for a paper industry waste material, lignin, in agriculture
and agronomy as a fertilizer for arid soils, while following a strategy aiming to both increase the
amount of organic matter in these soils and decrease the impact of pollution caused by industrial
discharges that contain organic and/or inorganic pollutants generated by the paper industry. In
fact, this method works to improve soil quality through a new carbon-rich bioorganic fertilizer
(biolignin) that results from a green method called CIMYV, a targeted depollution objective of the
paper industry. Over the course of 180 days, we monitored the physicochemical and biological
characteristics of degraded soils treated with three different biolignin treatments of 0 (D0), 2 (D1), and
4 (D2) g/kg. The humification was then evaluated by the equation E4/E6. A remarkable variation of
the physicochemical and biological parameters was observed in D1 and D2: temperature 12-38 °C,
humidity 9-29%, and pH 7.06-8.73. The C/N ratio decreased from 266 to 49. After 180 days, the
improvement in soil carbon content for the three treatments DO, D1, and D2 was 14%, 19%, and 24%,
respectively. A maximum bacterial biomass of 152 (CFU/g soil) was observed on the 30th day for D1.
Maximum laccase activity for D2 was observed on the 120th day. D1 and D2 recorded a significant
degree of humification compared to DO. The best indicator of humification E4/E6 was observed
in D1, where the value reached 2.66 at the end of the treatment period. The D2 treatment showed
a remarkable effect improving the fertility of the degraded soil, which confirms that biolignin is a
good fertilizer.

Keywords: biomass waste; biolignin; green chemistry; plant extracts; biopolymers; added value
products; soil fertility; humification degree; organic amendment; carbon

1. Introduction

After cellulose, lignin is the most plentiful biopolymer present on our planet. It is
regarded as a significant waste product of the paper industry, as it is co-produced from
low-value black liquor (paste reduction liquor) [1].

The paper industry causes serious environmental hazards by producing black liquor [2],
which pollutes rivers [3]. It is necessary to limit the discharge of color waste effluents into
running water in order to protect the natural environment [2].

In Algeria and Tunisia, cell PAP factories bake Esparto grass into pulp [4], producing a
high-quality paste, but lignin and hemicellulose are used in low-value-added applications,
such as power generation processes. Moreover, the silicon compound that is initially found
in Esparto grass makes recycling chemicals even more complicated [5].
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For this, the treatment of papermill sludges should be solved in order to reduce the
major environmental problems caused by the paper industry. This can be accomplished by
the development of new biomolecules sourced from paper wastes, rather than from the
petrochemical industry. Due to the chemical compositions of some major biomolecules,
organic materials—such as cellulose and lignin extracts—and inorganic compounds—such
as lime, clay, calcium carbonates, and trace metals—are used to enhance soil fertility and
reduce waste. Paper mill sludge (black liquor) can also be modified and changed into a
useful agricultural fertilizer and used as a soil amendment to improve the availability of
nutrients for crops [2,6].

Various studies indicate that black liquor from the paper industry can be used as a
soil amendment or used for the enhancement of crop yields. O’Brien et al. [7] reported an
improvement in the cultivation of Zea mays L. in soil treated with black liquor. However,
Xiao et al. [8] reported that due to the complex composition of ash and sludge, as well as
their metal leaching ability, they do not seem likely to be a beneficial by-product when
added to agricultural fields, and their high pollution potential can actually harm the
environment.

In another study, Chirenje and Ma [9] reported that the application of wood derivative
boiler ash to forests causes an improvement in soil’s physical properties such as an increase
in macronutrients (Ca, Mg, K, and P) and micronutrients (Fe, Mn, Cu, and Zn). However,
the application of large quantities of boiler ash also adds significant amounts of trace
metals and other elements that may be harmful to plants and the environment in general.
Nevertheless, the application of black liquor, as studied by Kannan and Oblisami [10,11]
and Xiao et al. [12], revealed an increase in organic carbon content with an improvement in
the enzymatic activities in the soil.

Zhang et al. [6] preferred lignin as an organic soil treatment, rather than other unnatu-
ral biosolids, since it can be easily obtained from the pulp and paper industry byproducts.
Lignin also contains numerous significant functional groups, such as phenol acid, hydroxyl,
carboxyl, benzyl alcohol, methoxy, and aldehyde, etc. [13]. Lignin acts as a precursor
substance for the formation of humus in the upper layer of soil due to the microbial
degradation of phenols, carbohydrates, and amino acids [2,14,15].

Similarly, the study of Xiao et al. [2] confirmed that the application of acidified lignin
obtained from Kraft rice straw improves irrigation efficiency and soil fertility. The effect
of lignin as an organic treatment for barren soils varies from study to study. In the
last 30 years, research has been carried out on lignin that explains its dynamics in soil
degradation/mineralization and maturation in relation to the source of the plant, the
climate, and different soil environmental conditions (physical and biological) [16].

However, the evaluation of maturation often remains a limiting factor; this makes it
difficult to compare results from different studies. Francou [17] argues that the maturity
term is often ambiguous, although it is frequently cited in the literature. In the majority of
articles, stability and maturity are only defined implicitly [18].

In addition, we can assume that extracted lignin is an organic treatment for agronomic
purposes, especially if it is produced by environmentally friendly paper mill processes.

A new lignocellulosic biorefinery technology addresses these needs through the use
of organic or hydro-organic media where vapor explosions have recently been developed
to produce cellulose, hemicelluloses, and lignins from plant biomass without significant
degradation or modification of these three biopolymers [19]. These processes enable
the production of more valuable pure-cellulose lignins for the paper industry [1]. The
process—which was developed through the organosolv process of the Compagnie In-
dustrielle de la Matiere Vegetale (CIMV) (Biomass Industrial Company)—was applied to
Tunisian Esparto grass and proved to be very suitable for the separation of the three main
components (cellulose, hemicellulose, and lignin) [19] for which the production agents are
easily recyclable [5].

Until now, there is no research in the literature on the biolignin CIMV from Esparto
grass in the field of improving or conserving degraded lands in arid environments, but
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it is assumed that lignin directly or indirectly influences the structure of soil microbial
communities, which in turn controls soil quality by providing several key ecosystem
services, such as reducing greenhouse gas emissions [14].

According to the harmlessness criteria of organic amendments as adopted by the
AFNOR [20] standard for pathogenic microbes, organic trace compounds, and unwanted
inert substances and heavy metals, it is observed that biolignin does not contain pathogens.
This may have come from the proper management of biolignin by the CIMV extraction
method, as well as its extraction protocol, which requires a temperature of 105 °C for 5 h.
The major pathogenic microbes causing disease are inhibited at temperatures between
55 °C and 71 °C, in a time interval between a few minutes and a few hours depending
on the type of microbe [21]. Biolignin does not contain any toxic substances because of
the chemical structure of Esparto grass lignin, which was identified by Nadji et al. [4] and
Abdelkafi et al. [19] and by the classification of toxic substances that it may contain [21].

In Algeria, it is estimated that there are more than 3 million hectares of Esparto grass
located in steppes [22]. In the country, three factories (Celpap Company) produce whitened
pulp using Esparto grass fibers as a raw material [23]. Additionally, the Algerian steppes,
which are the source of the plant, are areas for grazing and extensive sheep farming [22,24];
the extracted biolignin from Esparto grass will therefore not come from industrial zones,
and the risk of its contamination by heavy metals is therefore excluded. That will be more
reassuring in terms of the biological and ecotoxicological quality of the extracted product if
used in soil fertilization.

For ecological and economic reasons, we hypothesized that the recycling and valoriza-
tion of Esparto grass lignin from the green extraction process (CIMV) used as an organic
amendment could improve degraded soil quality.

A 180-day experiment on degraded soil with three biolignin treatments (0, 2, and
4 g/kg) was carried out. Our objectives are to evaluate the effect of these treatments
on: physical (temperature, soil moisture), chemical (C%, N%, C/N, pH), and biological
(bacteria, fungi, laccase) soil characteristics.

2. Materials and Methods
2.1. Biolignin Extraction and Analysis

Esparto grass fibers were collected in September 2016 from Houita (33°37'36” N,
2°26/23" E) located in Laghouat Province (Algeria). To extract biolignin from the plant,
the CIMYV process was used as described by Abdelkafi et al. [19]. Seven-centimeter-long
pieces of Esparto grass (30 g) were soaked with a mixture of formic acid, acetic acid, and
water (30:50:20 v/v/v, 300 mL) at 60 °C for 1 h. The resulting mixture was heated to
107 °C for 3 h, biolignin from the Esparto grass was removed from the boiling liquor,
gained through filtration of the unbleached samples by evaporation of water and acids,
and it was isolated by precipitation in water. The precipitate was dried at 40 °C for 28 h.
This precipitate is a mixture of organic components such as lignin and polysaccharides
and other inorganic nutrients (referred to as lignin) [2,19]. The obtained extract was first
analyzed by a solid-state 13 C NMR using a spectrophotometer Bruker Advance 500 MHz
at room temperature [13] to identify its main function for organic synthesis in soil: aliphatic
22-34 ppm, methoxyl groups 57 ppm, aliphatic hydroxyl 65-75 ppm, aromatic carbons
106-154 ppm, carboxylic groups 173 ppm [4,13] (Figure 1). The extract was secondarily
subjected to physicochemical analysis (Table 1).
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Figure 1. Solid-state 13 C NMR spectrum of biolignin CIMV of Esparto grass.

Table 1. Characteristics of the biolignin extracted by CIMV process from Esparto grass fibers and
characteristics of the degraded soil, expressed as: means values + standard deviation (1 = 3).

Parameter Soil Biolignin
MO (%) 1.5+ 0.035 92 +0.577
Chotal (%) 0.870 £ 0.031 53 & 0.557
Niotal (Mmg/kg) 0.003 £ 0.001 0.225 4 0.004
pH 8.61 £ 0.327 3.17 £ 0.036
Na (mg/kg) 4.82 £+ 0.050 22.0 £0.011
P (mg/Kg) 1.53 £ 0.031 6.66 & 0.000
K (mg/Kg) 7.84 + 0.005 24.83 £ 0.000
CaCO3 (%) 1.96 + 0.471 /
EC (ms/cm) 0.50 £ 0.061 3.93 +0.32

2.2. Experimental Design for Soil Fertilization

For enhancing soil fertility, a soil fertilization test was performed with three biolignin
treatments 0, 2, and 4 g/kg denoted as DO, D1, and D2, respectively. A completely
randomized design (CRD) with three replicates for each concentration was used. However,
a major advantage of the CRD is the simplicity in the computation of its analysis of variance
(ANOVA), especially when the number of replications is not uniform for all treatments [25].

Small PVC containers, approximately 10 cm in diameter and 14 cm in height with
a capacity of nearly 500 g, were used for this purpose, and a mixture of lignin and soil
was prepared according to different treatment concentrations and filled within all of the
containers with almost equal weights of 250 g and drainage holes at the bottom for excess
water loss. Soil moisture contents were kept at 60% by adding water after every two days
because of the optimal progress of various enzymatic and biochemical reactions that are
necessary for the degradation of the lignin in the soil [2]. This experiment was performed
at the Laboratory of Process Engineering of the University of Laghouat from 15 March to
15 September 2017 (180 days). The substrate (soil) used was collected from the agricultural
perimeter of Mokrane (33°48'1.56” N, 2°48'21.95” E) located 4 km west of Laghouat city.
The soil is not very differentiated. It is simply made up of a single horizon type and
identified as Entisols according to the soil taxonomy [26].
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According to Houyou et al. [24], the textural class of the used soil (substrate) is sandy,
with particle percentages of 98% sand and 2% silt and clay. The main soil (0-20 cm)
physicochemical characteristics are presented in Table 1. The samples were collected from
the containers. The soil sample was taken every fifteen days for various physicochemical
analyses, and biological analysis and humification were performed every thirty days.

2.3. Physicochemical Analysis of Soil Samples and Biolignin

The physicochemical analysis was performed following the procedures described by
Mathieu and Pieltain [27,28]: the K, Ca, and Na contents in soil samples were determined
by using a PFP7 Industrial Flame Photometer (United Kingdom), and P concentrations by
inductively coupled argon plasma spectrometer 61 model (Thermo Jarrell Ash, Franklin,
MA). Biolignin was digested using HNO3-H202 [2]. The digestion solution was measured
for Na, K, Ca, and P concentrations by inductively coupled argon plasma spectrometer
61 model (Thermo Jarrell Ash, Franklin, MA). pH and electrical conductivity (EC) mea-
surements were made in an aqueous solution (1:5) ratio (lignin:water) (soil sample: water)
shaken for 30 min, and then measured using a digital pH meter (HI2002) and EC meter
(WTW Inolab conductivity meter Level 1). Soil sample temperature was determined by
electrical sounding, and soil sample moisture content was determined by drying at 105 °C
until it reached a constant weight. Organic matter was estimated by drying and subsequent
ignition at 650 °C/for 5 h [28]. Total soil nitrogen (N) was determined using the Kjeldahl
method [29].

2.4. Soil Sample Biological Analysis

Degraded soil amendments can be performed by the monitoring of biological analysis
to understand the relationship between microbial successions (bacteria, fungi) and laccase
enzyme.

2.4.1. Enumeration of Bacteria and Fungi

For microbial enumeration, two agar mediums were used: potato dextrose medium
for fungi and yeast peptone glucose medium for bacteria [30]. The microbiological analysis
was carried out using a suspension of 1 g of soil in 9 mL of sterile distilled water. The
suspension was then stirred manually for 30 min to release as much of the microbial load
as possible. For the enumeration of bacterial and fungal microflora, serial dilutions were
prepared according to the following concentrations in sterile distilled water (NaCl 0.85%):
10~4,1075,107%,1077, 1078, and 10~°. Then, these dilutions were used to inoculate agar
media on Petri dishes by taking 0.1 mL of each dilution. Culturable bacteria were quantified
on yeast peptone glucose agar (LPGA) (yeast extract 5 g/L, peptone 5 g/L, glucose 7.5 g/L,
agar 15 g/L) after two days of incubation [31]. Fungi were quantified in potato dextrose
agar (PDA) (potato infusion 200 g, dextrose 20 g, agar 20 g, distilled water 1 liter) after
three days of incubation [32]. All microbial groups were replicated thrice and incubated at
30°C.

2.4.2. Laccase Activity Extraction

Laccase activity was performed to better understand the dynamics of organic mat-
ter. As the studied organic material is lignin, monitoring the dynamics of laccase ac-
tivity is essential due to the recalcitrant nature of lignin degradation. It is necessary to
understand how the degradation of biolignin takes place by the phenomenon of oxida-
tion/polymerization of humic substances. This also allows us to understand the relation
of the degradation of biolignin with the physicochemical factors and with the microbial
biomass that contributes to its humification. In the present study, the selected method
for laccase activity was performed by different methods, i.e., phenoloxidases: laccase and
lignin peroxidase, but only the laccase responded.

Laccase enzyme extraction was carried out in a 0.1 (mol/L) phosphate-buffered
solution (pH 6) at laboratory temperature for 2 h on a reciprocal shaker, then at 4 °C for
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24 h, followed by filtration through Whatman 5 filter paper to remove floating debris
material, followed by centrifugation at 12,000 rpm for 20 min [33,34].

2.4.3. Laccase Activity Measurement

The measurement of the laccase activity was carried out in 2 ml of 0.1 (mol/L) phos-
phate buffer, containing 50 puL of guaiacol (0.1 ml of the guaiacol stock solution 98% in
10 mL of DMSQO). The oxidation was monitored at 470 nm after the addition of 100uL of
enzymatic extract [35] (Gouzi, Flurkey, and Abdelhafid 2007). One unit of enzyme activity
is defined as the amount of enzyme forming 1 mmol of reaction product per minute and is
expressed as Ug soil (mmol min—1 g soil) [33].

2.5. Humification Degree of the Soil

Ultraviolet—visible spectroscopy was carried out in the present study to reveal the
degree of humification. This technique is widely used for determining the molecular
properties of humic material (humic or fulvic acids) by the ratio E4/E6 calculation, which
provides important information on the structure of humic acid [36,37]. According to
Reddy et al. [38], the E4/E6 ratio is used as a significant humification index. The ratio
E4/E6 is determined from absorbance measurements at 472 nm (E4) and 665 nm (E6). The
absorbance at 472 nm (E4) characterizes organic matter at the beginning of humification
and the absorbance at 665 nm (E6) corresponds to highly humified and condensed materials
with abundant aromatic groups [39]. At the beginning of humification, 472 nm rather than
665 nm was performed to avoid the increased absorption in the UV region of the spectrum
of proteins and carbohydrates, which are non-humified materials [40]. In the present case,
the method was adapted from that of [41,42]: 1 g of soil and 50 mL of 0.5 (mol/L) NaOH
were stirred continuously for 2 h, followed by centrifugation (30 min, 3000 rpm), and the
UV-visible absorption spectra of the samples were recorded using a spectrophotometer
(Jenway 6405 UV /Vis).

2.6. Statistical Analysis

Results were subject to ANOVA, RMANOVA in XLSTAT version 2016.02.28451. Group-
ing and significant differences for all statistical tests were evaluated at the level of p < 0.05
(Tukey 95%). PCA (principal component analysis) and RDA (redundancy analysis) were
adopted in the same software for evoking physicochemical and biological soil properties
and biolignin treatment relationships during the test.

PCA was used to synthesize and complete the lack of information on the evolution
of the amendment by visualizing the best correlations that can be observed between
physical, chemical, and biological factors and for the results of the degradation of organic
matter. RDA was carried out to study the direct relationship between biological and
physicochemical factors and their impact on the degradation of organic matter and its
humification.

3. Results

The ANOVA test (51 and 52) was performed at p < 0.05 (Tukey 95%) by comparing the
means of each measured soil parameter and by considering the same time under the three
treatments. We found that there are interactions between treatments and sampling times
for all measured parameters. It was confirmed by RMANOVA (Tables 2 and S1) that the
effect of the treatment has a significant impact on all the soil parameters except for carbon
(p = 0.084). On one hand, the effects of the repeated measurement, which is, in our case,
time, show (Tables 2 and S1) that time has a significant impact on all the characteristics
of the soil (p < 0.001). On the other hand, the interaction between time and treatment has
a significant impact on all soil characteristics (p < 0.001) except temperature (p = 0.126).
It appears that treatment and time significantly affect the measured characteristics of the
fertilized soil.
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Table 2. p level in repeated measures analysis of variance (RMANOVA).

Parameter Treatment Repetition (Time) Time * Treatment

Soil moisture ok ok ok
Soil temperature ** ®ax /

pH ** *kk e
Soil carbon content / ok ok
Soil nitrogen content o *kk xk
Ratio C/N i *4% *4%
Bacteria ok *ak s
Fungi *k wokk otk
Laccase activity *k wak .
E4/E6 *E *kok Tk

*** p < 0.001; ** p < 0.05 significant difference; /: no significant difference.

3.1. Physical Factors
3.1.1. Temperature

The effect of the lignin treatment on soil temperature variation is well highlighted
(Figure 2A). It was noted that temperature fluctuates over 180 days in two different phases.
In the first phase, temperature evolves between 13 and 38 °C, while in the 2nd phase a
good decline is observed. The phase of distribution is recorded as an increasing phase at
0 to 120 days, during which a soil temperature is significant at 75 days and a maximum
of 38 °C was reached. The second phase involved a decrease between 120 and 180 days,
during which a fall of 19 °C was observed.
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Figure 2. Effect of applied biolignin treatment on physical soil properties: (A) soil temperature,
(B) soil moisture.
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3.1.2. Soil Moisture

A fluctuation is observed in soil moisture contents with the application of lignin
(Figure 2B). At the beginning of the experiment at 0-15 days, the soil moisture dropped by
about 25%. Following this, alternating phases of very slight stabilization/fall are observed
for up to 120 days. From this point until 165 days, the soil moisture content increased
by nearly 23%, 24%, and 26% for DO, D1, and D2, respectively. However, during the last
15 days, DO and D1 show a slight drop of 20% and 22%, while D2 shows certain stability.

3.2. Chemical Factors
3.2.1. Soil Carbon

During the 180 days of the test, we observe in Figure 3A two decreases in the soil
carbon concentration: the first is observed during 0-15 days for the two applied treatments
D1 and D2, respectively, of 6% and 16%. The second-largest decrease at 45-75 days is still
for D1 and D2 with 65% and 87%, respectively. The phase of 45-75 days is followed by the
stabilization of the dynamics up to 120 days. Additionally, during the test, two increases in
the soil carbon content are recorded: the first one is at 15-45 days for the three treatments
DO, D1, and D2, respectively, with 11%, 33%, and 56%. The second increase was recorded
at 120-180 days also for the three treatments D0, D1, and D2 with, respectively, 14%, 19%,
and 24%.

A) =09 B) s
2.0 a 4 | D1 a D1
t D2 D2
1.5+ —0.04 -
— = a a
£ T < a
s a 2 a %
EREE N a|£
S Do \ =
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0.5 N\ @ ’_I/I
a
"*—E—-—é—u:; b
+ b
00 + e e 000 - s T T
0 15 30 45 60 75 90 105120 135150 165 180 0 15 30 45 60 75 90 105120 135150 165180
Time of treatment (day) Time of treatment (day)
300 9.0
D) a —e—D0
1 2 o
250 - . D2
8.5 / 1
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= = /
[=% b
© S 8.0 1
150 \ a
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a .
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Figure 3. Effect of applied biolignin treatment on chemical soil properties: (A) soil carbon, (B) soil
nitrogen, (C) C/N ratio, and (D) soil pH.

3.2.2. Soil Nitrogen

The contribution of the amendment remarkably shows a change in the nitrogen
content of the soil throughout the test (Figure 3B). This content remains proportional to
the treatment of biolignin applied. Throughout the experiment, the nitrogen concentration
varies between 0.0034 and 0.0408% in the soil. Increases are observed at 0-60 days in DO
and between 0 and 75 days in D1 and D2 (Figure 3B). This is followed by a decrease at
60-90 days for DO and 75-90 days for D1 and D2, and then succeeded by a stabilization—
decrease stage in D1 and DO, but for D2 there is a continuous stabilization up to 180 days.
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3.2.3. C/N Ratio

Dynamics shows the direct effect of the application of biolignin. The C/N ratio
was inversely proportional to the applied treatment (Figure 3C). For the three treatments
applied, the C/N values are variable between 266 and 49, observed, respectively, at the
start and the end of the test. The witness marks an exception at 30 days, recording a C/N
ratio of 276. We observe that the dynamic transitions between two stages involve a time
of decrease in the C/N ratio at 0-75 days, between 0 and 15 days it is accentuated, later it
slows down to a stabilization until day 45, to resume until day 60, with a relatively larger
decrease that continues until 75 days to reach the minimum values of C/N 20, 9, and 7,
respectively, for DO, D1, and D2. A slight increase in C/N is observed between 75 and
90 days, followed by stabilization up to 120 days for the three treatments applied. Between
120 and 180 days, a relative increase is observed, at the end of which the C/N ratio evolves
to around 55.

3.2.4. Soil pH

The application of biolignin causes a pH change. However, this change varies depend-
ing on the treatment and the number of days. Overall, the 180-day pH record is represented
in Figure 3D, and the pH of all three treatments varies between basicity and acidity in three
stages, namely fall, stabilization, and rise. Three pH decreases are observed: 0-15 days
for the three treatments D1, D2, and DO, respectively; another decrease between 75 and
90 days for D1 and DO; and a third one between 165 and 180 days for D1, D2, and DO.
An exception is made by D2 between 60 and 105 days with a longer duration of 45 days,
after which the pH drops from 8.47 to 7.52. We note that each phase of pH decrease is
followed by a stabilization phase and is relatively longer between 15 and 45 days because
it lasts 30 days. Except for D2 between 105 and 165 days, another relative stabilization lasts
75 days between 90 and 165 days for D1 and DO0. An increase in the pH is observed between
45 and 60 days for the three treatments. During this time, the pH converges towards values
of alkalinity similar to those at the start of the experiment.

The pH dynamics (Figure 3D) can also be divided into two stages: the first stage is
at 0-60 days, during which the treatment is proportional to the pH; the second stage is at
60-180 days, during which the pH is inversely proportional to the applied treatment.

3.3. Biological Factors
3.3.1. Microbial Biomass

The results of the evolution of microbial biomass are presented in Figure 4A,B. During
the 180 days, the predominance of the bacterial biomass is recorded. It evolves between a
maximum of 152.10% UFC/g of soil observed at 30 days and a minimum of 10> UFC/g of
soil at 60 days for D1, with intermediate values during other stages. During the experiment,
fungal biomass fluctuated between 47.10% and 2.10°> CFU/g of soil.

These microbial biomass values are observed in two phases: increase and decrease,
prompting us to divide the test duration into two stages—0-60 days and 60-180 days. A
very significant drop in this microbial biomass is observed at 60 days. Between 60 and
180 days, maximum levels of microbial biomass are most often observed for D2. During
the trial, we notice that, generally, the bacterial biomass dominates D1. In contrast, the
fungal biomass dominates the D2 treatment.

The proportionality of the applied treatment and microbial biomass treatment is
noticed. The bacterial biomass is inversely proportional to the treatment of biolignin for
the three treatments; this is the most significant between 0 and 60 days. The fungal biomass
between 0 and 120 days is proportional to the treatment of biolignin.
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Figure 4. Effect of applied biolignin treatment on biological soil properties: (A) bacterial biomass,
(B) fungal biomass, and (C) laccase activity.

3.3.2. Laccase Enzymatic Activity

Reading (Figure 4C) allows the laccase dynamics to be divided into two stages for the
three treatments of the test—a first stage at 0-60 days and a second stage at 60-120 days.
The highest laccase concentrations for D2 are observed during these two stages, with
2.97 1U/g of soil and 4.24 IU/g of soil, respectively. During these two stages, increase and
decrease phases are observed. Between 0 and 60 days, the first laccase increase is observed,
reaching 0.89 IU/g of soil (21%) and 2.97 IU/g of soil (60%), respectively, in D1 and D2
between 0 and 30 days. The second increase of 3.92 IU/g (93%) is observed in D1 at 90 days,
and it is 4.24 IU /g of soil (100%) in D2 at 120 days. The laccase increase phases are followed
by its decrease; for the three treatments, these laccase minimums are marked at 60 days.

3.3.3. Humification Degree of the Soil

The results obtained from the evolution of the E4/E6 ratio are shown in Table 3.
During the 180 days, the quantitative relation E4/E6 values evolve between increase and
reduce phases, for all samples: DO (0.534, 1.818), D1 (0.964, 12.600), and D2 (4.167, 12.667).
The maximum values are observed in the amended soils: D1 12.60 at 30 days and D2 12.66
at 60 days. It is also discovered that the values of the amended soil are significant, ranging
between 5 and 12, when compared to the values of the non-amended soil DO, which are
low and less than 2.
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Table 3. Humification degree (E4/E6) under different treatments.
DO D1 D2

0d 0.534 + 0.109 ¢ 225+ 022b 4.166 + 0.890 2

30d 1.136 + 0.341 ¢ 12.6 +1.900 2 544 + 0953 P

60 d 1.181 + 0.282 ¢ 4.857 +0.206 P 12.666 & 0.794 2
90d 1.111 £ 0.096 ® 0.964 + 0.155b 5.8 +0.507 2
120d 1.818 + 0.078 P 1.411 £0.295b 9.666 =+ 0.369 2
180d 1.714 +0.237" 2.666 + 0.785 P 5.833 £ 0.780 2

The significant differences in each parameter among different treatments were determined by one-way ANOVA.
Different letters indicate significant difference at p < 0.05.

3.4. Relationship between the Parameters of Degraded Soil Amendement

The outcome of this study reveals that biolignin is valued as an organic amendment
in degraded arid soil with three treatments, DO, D1, and D2, for 180 days, under the
influence of fertilizing factors: physical (T °C, w%) chemical (C%, N%, C/N, pH) and
biological (bacteria, fungi, laccase). Only one factor is controlled, which is soil moisture,
by irrigating every two days. According to the results obtained, we find that biolignin
has a direct effect on improving the physicochemical and biological qualities of degraded
soil. Indeed, in this context a PCA allows us to synthesize and complete the lack of
information on the evolution of the amendment by visualizing the best correlations that
can be observed between: i/PCA1 (Figure 5A,B): physical (T °C, w%) and chemical factors
of the results of the degradation of organic matter (C%, N%, C/N, pH, and E4/E6) of
each soil treatment (DO, D1, D2); ii/PCA2 (Figure 5C,D): biological factors (bacteria, fungi,
laccase) and chemical factors of the results of the degradation of organic matter (C%, N%,
C/N, and E4/E6) of each soil treatment (D0, D1, D2). Figure 5 of the principal component
analysis is represented in two PCAs: PCA1 (Figure 5A,B) and PCA2 (Figure 5C,D), of
which A, B, C, and D are added to have a better visualization of the correlations recorded.
Overall, we observe that the PCA is determined according to two components (F1 and
F2). These two components determine 72.14% of all the information for PCA1 and 59.28%
for PCA2. This explains why physicochemical factors have a much greater effect than
biological and chemical factors on the degradation of organic matter. We notice on one
hand that the greatest correlation of the factors is observed in D2, which is often negatively
correlated with D0 in view that the angle between the two vectors of D2 and DO is high.
On the other hand, D1 often remains in the center, sometimes it is located in the zone of D2,
and sometimes it is located in the zone of DO0. This explains why D1 behaves sometimes
like DO and sometimes like D2.

PCA1: Figure 5A,B present a high rate of variability observed in F1 with an order of
46.44% compared to F2 25.70%.

Figure 5A shows a chronological distribution of the treatments, of which F1 shows a
positive correlation with the youngest treatments at 0, 30, and 60 days located on the right
and a negative correlation with the older treatments at 60, 90, 120, and 180 days located
on the left. PCA1, Figure 5B, shows that the variables pH, w%, C%, and C/N correlate
positively with F1 and are oriented towards the youngest amendments on the right, and
the variables T °C, N%, and E4/E6 correlate negatively with F1 and are oriented towards
the oldest amendments on the left. We also notice in PCA1 (Figure 5B) that the temperature
is negatively correlated with pH and w%.
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Figure 5. PCA (principal component analysis): Correlation of physicochemical and biological soil properties over 180 days.
(A,B) Correlation between physical and chemical factors; (C,D) correlation between biological and chemical factors.

PCAZ2: Figure 5C,D present a high rate of variability, which is observed in F1 with an
order of 34.37% compared to F2 24.91%.

PCA2: Figure 5C shows on one hand that F1 correlates positively with the high-
est amended treatment as D2 is located on the right and correlates negatively with the
unamended control DO located on the left.

On the other hand, F2 correlates positively with the youngest amendment at 0 and
30 days at the top and correlates negatively with the oldest treatment at 60, 90, 120, and
180 days at the bottom, which allows the distinction of two time phases: 0-30 days and
others > 60-180 days, explaining why in the first phase the biological factors have a different
impact than in the second phase. To know what is the difference between the two phases,
PCAZ2 (Figure 5D) explains that the majority of the variables: fungi, laccase, C%, E4/E6,
N%, and D2, correlate positively with F1 and are on the right. On the left, C/N and DO
correlate negatively with F1.

3.5. Relationship between Physical, Chemical, and Biological Factors in Soil Amendement
From Figure 6, it was noted that the results of RDA agree with those of the PCA

(Figure 5). The two components F1 and F2 of the RDA reveal 96.75% of all the information:
66.74% for F1 and 30.28% for F2. On one hand, the F2 component shows a positive
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correlation with the utmost amended treatment D2 at the top and a negative correlation
with the weakest amended treatments such as DO and D1. On the other hand, the most
important correlation is observed with F1, which made it possible to distinguish two phases
of time. The first phase at 0-60 days is observed following a positive correlation located on
the right, formed by the young treatments (0, 30, and 60 days) and by fungi, pH, w%, C%,
and E4/E6. The second phase, a negative correlation on the left, links the aged treatments
(90, 120, and 180 days), bacteria, T °C, N%, and laccase.

Graph RDA
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Figure 6. RDA (redundancy analysis): Physicochemical and biological soil properties and biolignin
treatment relationships during the test.

4. Discussion

Over 180 days, we monitored the physicochemical and biological characteristics of
the degraded soils amended by three biolignin treatments (0, 2, and 4 g/kg), DO, D1,
and D2, respectively, to evaluate the impact of biolignin as a bio-organic fertilizer on
the improvement of degraded soil properties. During the trial, only the soil moisture
was controlled, but the rest of the parameters were controlled by the macro and micro
environment factor of this soil [16], which contributed to the recording of these results
and explains the increases, decreases, and stabilization observed for all the parameters
monitored, and characterizes the dynamics of organic matter evolution of the amended soil.
The results obtained are significant according to ANOVA and RMANOVA tests; the results
indicate that, over time, biolignin from the Esparto grass used as a fertilizer significantly
caused changes in the physical, chemical, and biological characteristics of the degraded
soil parameters.
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The temperature-increasing phase at 0 to 120 days could be due to increases in ambient
temperature in the laboratory. Our trial took place between spring and summer from March
15 to September 15; at Laghouat it is often hot during these two seasons, and from the
end of June until mid-August, the maximum temperatures sometimes exceed 47 °C [24],
which could have influenced the soil temperatures in the containers and may cause an
increase in the degradation of the organic matter [14] represented positively by carbon
used in microbial biomass production during their metabolic processes confirmed by
Tuomela et al. [43]. At the end of the experiment, the temperature-decreasing phase at 120
to 180 days is explained by the maturation of organic matter, resulting in a decrease in
microbial metabolism [44].

In the present study, the soil moisture contents during the first 15 days are quite
similar to the results reported by Bazrafshan et al. [45]. As the experiment proceeded, the
results followed the recorded values of [31].

The drop in the soil moisture contents presented in Figure 2B during 0-15 days is due
to the initiated microbial bio-oxidation activity of organic matter, which also resulted in a
considerable rise in the temperature (Figure 2A) [31,45]. Stabilization followed by slight
increases in soil moisture content after 15 days is explained by the hydroxyl functional
groups of lignin, particularly phenolic and alcoholic hydroxyl groups, which may result in
increased lignin hydrophilicity [46]. This increase in hydrophilicity has a positive effect on
more water retention in the soil, which favors the aggregation of soil particles [2,47]. The
same results are observed in the present study with the most favorable treatment D2.

The first decrease in the carbon content of the soil (Figure 3A) can be explained by
the chemical structure of the biolignin and the low level of impurities that it contains,
such as polysaccharides, free fatty acids, and minerals [19,48], also reported by Scheu [49]
during the decomposition of Klason lignin and dioxane lignin. In addition to the microbial
biomass oxide, impurities of biolignin, and organic matter initially present in the soil, it
results in a loss of carbon in the form of CO2 and another form of carbon used as an energy
source by a microbial population; a similar decrease in carbon levels in the soil has been
reported by Xiao et al. [2]. The second decrease in carbon in the soil (45-75 days) is more
important, probably due to the oxidation of the recalcitrant biolignin, whose degradation
is slow [2], favored by the conditions T °C, w%, and pH confirmed by microbial biomass
(Figure 4A,B) and its activity (Figure 4C).

The observed increase in carbon in the soil (1545 days) is consistent with that reported
by Zhang et al. [6]. A direct effect of the biolignin treatment is also noticed: the biolignin,
because of its carbon content (Table 1), is responsible for this increase. The carbon of the
microbial biomass also explains the increase in carbon in the soil. According to Brookes [50],
microbial biomass C soil measurements usually show that it comprises about 1 to 4% of
organic C soil. In addition, a polycondensation of degraded products such as polysac-
charides between 0 and 15 days polymerizes to produce humic substances accompanied
by the modification of the physicochemical properties of the soil, as was explained by
Guggenberger [51]. This is followed by stabilization (75-120 days), during which time
biological activity is reduced due to the maturation of organic matter (soil/biolignin) in
preparation for the formation of humus at 120 days [51].

The observed increases (Figure 3B) are similar to those reported by Zhang et al. [6] by
amending soil using lignin from sludge paper. This may be explained by the mineralization
of organic matter (biolignin) favored by microbial biomass [43]. Decreases in N% content
in the soil over the test period suggest losses due to NO-3-N leaching and ammonia
volatilization during mineralization [2]. Between 75 and 90 days, it is assumed that the
drop in the nitrogen level in the soil promotes the degradation of biolignin according to
Stewart et al. [52]. Additionally, by reducing its use by the microbial population, it prepares
for the formation of humus that will follow. Under these conditions, nitrification and
denitrification could have occurred [2].
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Zhigang et al. [53] discovered that the C/N ratios of organically amended arid soil
and woody soil were lower than the control, indicating that organic amendment had a
direct effect.

In the current study, the observed C/N drop (0-15 days) can be explained by the
degradation of the easily degradable compounds: the polycondensation of polysaccharides
and impurities of biolignin takes place between 45 and 60 days to form mature compounds.
The decrease in C/N observed between 45 and 75 days was related to the degradation of
the resistant compounds (lignin). The decrease in phases in C/N (Figure 3C) is explained
by carbon losses due to the mineralization of organic matter by microorganisms [42,54,55].
Stabilization is due to the maturation of organic matter reflected by a slowdown of their
mineralization [31].

The sharp C/N drop at 75 days would be related to the maximum use of carbon
by microbial biomass. The marked stabilization between 75 and 120 days would be a
preparative step for the formation of humic compounds resistant to degradation. The
increase in C/N observed between 120 and 180 days is mainly due to the drop in N% in
the material observed during this period and the increase in carbon content (Figure 3A),
probably due to the appearance of the new molecules (humic substance).

The lowering of the observed pH can be explained by a direct effect of the biolignin
acidity on the soil since it is extracted by an acidic process, that is to say, formic acid and
acetic acid as confirmed by Kannan and Oblisami [10] and Veeresh et al. [56].

Another explanatory effect is the mineralization of organic matter producing organic
acids with the release of CO2 into the environment or degradation products of simple
molecules (carbohydrates and lipids) [44,54] and nitrification (NH4 + H) of soil organic
matter and biolignin [2]. The increase in pH can be explained by the degradation of the
proteins (nitrogenous bases) by the high values of the bases NH4" [57]. The stabilization of
the pH around neutrality is explained by reaching the stage of maturation of the organic
matter and increasing amounts of humic substances being generated, giving rise to a buffer
effect that could help to limit the variations of pH [31]. This may be due to the complex
chemical composition of lignin conferring a certain resistance, causing a slow degradation
process [52]. In addition to this, a probable antimicrobial effect of lignin at the origin of its
aromatic compounds weakens the activity of the microbes that would be present [58]. Sim-
ilarly, pH variations are influenced by macro conditions and microenvironments with all
their components such as temperatures, microbiological community, and soil moisture [16].

It can be assumed that these observed microbial dynamics are due to variations in
abiotic factors throughout the test (Figure 2A,B and Figure 3D) that control the proliferation
of bacteria and fungi [43]. This justifies the case observed in this study—the degradation of
the complex organic matter in small molecules used to ensure the increase in the microbial
biomass (Figure 3A,B) [14]. In parallel, biolignin degrades into small fragments for the
construction of humiferous products involved in the modification of soil fertility [59].
This clearly explains that microbial biomass is a fundamental player in the process of the
degradation of organic matter whatever its nature, during which environmental factors
increase their evolution [16].

From this study, the only controlled parameter is the soil moisture; the dominant
bacterial proliferation for this sandy soil that is used is ensured by the environmental
conditions: temperature, pH, and soil moisture observed, respectively, at T °C 13-38,
pH 7.06-8.73, and w% 60-20 and which favor humification dynamics.

In our case, dividing the dynamics of fertilization into two stages allows us to assume
that 0-60 days is a phase of oxidation and primary mineralization of the organic matter and
60-120 days is a phase of secondary mineralization and maturation of the organic matter,
in agreement with the work of [31].

During these two phases, there are variations in the microbial biomass (bacteria and
fungi) proliferating as a function of the conditions prevailing in the environment [43].
A probable disappearance-appearance of some microbial species [31] marked at 60 days
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conditioned by abiotic factors between 45 and 60 days: T °C 19-22 and another pH 8.47-8.76
and a decrease in soil moisture 18-23%, added to the concentration of applied biolignin.

The inverse proportionality of the biolignin/bacterial biomass observed during 0-60 days
can be explained by the antibacterial effect of the biolignin, which, through its phenolic
chemical structure due to reactive sites of the biolignin, participates in the inhibition of
bacterial cells [58]. This explains the biolignin treatment/bacterial biomass proportionality
variation observed during 60-120 days, which is probably due to the disappearance of the
antibacterial effect of the biolignin and the reduction in the concentration of the biolignin,
given that it is a source of carbon for microbial growth [43].

As a result, the chemical structure of biolignin is modified, reflecting its degrada-
tion [16]. It can be estimated that it started 60 days ago. At the same time, the biolignin
treatment/fungal biomass proportionality between 0 and 120 days can be explained by the
absence of antifungal effect of the biolignin and probably also by the low concentration of
fungal biomass [58]. During a composting test, Albrecht et al. [31] also observed bacterial
dominance.

The dynamics of laccase activity (Figure 4C) a priori is interpreted by the variation in
microbial biomasses under environmental conditions—temperature, pH, moisture, aeration
concentration of organic matter, lignin and nitrogen content in the soil—that contribute
positive (potential activity) or negative (low activity) feedback [60].

According to Sinsabaugh [60], the increase in laccase activity observed during the
first stage is marked by the conditions pH: 7.39-7.62, w%: 20-25, and T °C: 13-14, and
in the second stage is marked by pH 7.80-7.62, w% 9-11, and T °C 35-38. The values <
0.05.1072 TU/g reported by Fuijii et al. [33] for a forest soil (humid environment) are lower
than those observed in our trial.

Laccase is usually secreted by a mixed microbial community (bacterial and fungal)
(Figure 4A,B) and it catalyzes polymerization-depolymerization reactions [61]. The direct
effect of biolignin on laccase activity can also explain the maximum laccase concentrations
observed in D2 at 30 days and 120 days because the organic amendment raises enzymatic
activity [62]. The reactivity of laccase with biolignin is explained by the chemical structure
of the latter, which resists degradation during the first stage at 30 days and degrades during
the second stage at 120 days, as confirmed by Albrecht et al. [31]. The biochemistry of
laccase has a broad class of phenoloxidase in soils [60]. It is a multicopper, and it can
oxidize organic and inorganic compounds besides biolignin, also with compounds that
may be present (including mono-, di-, and polyphenols, aminophenols, methoxy phenols,
etc.) [63] when degrading with biolignin and contributing to humification [64]. Laccase
acts on phenolic substrates by catalyzing the oxidation of their phenolic hydroxyl groups
to phenoxy radicals while oxygen (O2) is reduced to water [64]. Other non-enzymatic
transformations of the phenoxy radicals may result in the degradation of lignin; radicals
can also couple with other radicals [65]. Suspected antibacterial activity between 0 and
60 days may also be the result of biolignin degradation in which laccase catalyzes the
oxidation of phenolic compounds to quinones, which are themselves bactericidal and
fungicidal [66].

In addition, we assume that laccase activity during our test may have stimulated the
process of humification between 30 and 60 days during the first stage for easily degradable
compounds and between 90 and 120 days for resistant compounds during the second
stage; these are revealed by the lowering and slowing down of microbial biomass and pH
neutrality according to Albrecht et al. [31] and Barje et al. [44].

4.1. Humification Degree of the Soil

According to Cunha et al. [67], the ratio E4/E6 presenting a high ratio >5 characterizes
the humic acids (fulvic acids).

Our results are in agreement with those of the E4/E6 fulvic acid fraction (FA), observed
in many studies: 7-13 of fulvic acid fraction, during composting of mixtures of olive
pomace and cattle manure [68]; 8.43 to 12.11 of fulvic acid of soil on robusta coffee (Coffea
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canephora) plantation [69]; and 11 to 41 of fulvic acid extracted from soils from natural
forests (NTF) [38].

Haddad et al. [68] and Eyheraguibel [70] analyzed humic extracts of various materials
and found that a high E4/E6 ratio, on the order of 10, confirms the presence of fulvic acids,
indicating the preferential formation of small molecules. All other authors suggested this
value of ratio E4/E6 indicates that the fraction of fulvic acid has a lower molecular weight
and aromatic condensation. Many studies show that the E4/E6 ratio varies inversely with
molecular weight (PM), with a lower PM characterizing fulvic acids [37].

In our case, we add that our value may correspond to dominant fulvic acid (FA)
concentrations compared to humic acid [37], and this can perhaps be explained by a
phenomenon of the degradation of organic matter and degradation of biolignin. The higher
the E4/E6 ratio, the more unstable the organic matter, with aliphatic structures and small
size with a higher content of functional groups [41]. A high E4/E6 ratio also combines a
low carbon content, high oxygen content, high carboxylic group content, and high total
acidity (characteristics of fulvic acids) [71], which reveals a low degree of humification [37]
and low maturity of the humic fractions. On the other hand, a lower E4/E6 ratio indicates
a higher degree of humification; is associated with a high carbon content, low oxygen
content, carboxylic groups, and low total acidity; indicated a high molecular weight (MW)
(characteristic of humic acids) [71]; and is a ratio <5 [31] (Albrecht et al. 2011). In this
study, low E4/E6 ratio values are observed during the decline phases: D1 2.25 (0 day),
4.85 (60 days), and 2.66 (180 days) and D2 4.16 (0 day) and 5.4 (30 days), which are in
perfect agreement with the literature and characterize humic acids with a high degree of
humification [37,41].

Based on these results, we also assume that D1 is more mature and shows a high
degree of humification compared to soil D2, although D2 recorded significant values of
5.8 twice during the 180 days at 90 and 180 days. Compared with other studies, similar
values of 5.44 to 5.7 for humic acid (HA) are discovered in studies conducted by Chen
et al. and Oktaba et al. [37,72], which contributed to the soil of arable land (E4/E6 ratio of
4.7). Humic acid is more condensed and humic than the humic acid found in allotments
with an E4/E6 ratio of 5.7. So, from these studies, we have taken this as a reference,
suggesting that D1 is more mature and shows a high degree of humification compared to
soil D2. However, the highest concentration of the biolignin amendment is in D2. This
confirms that the ratio E4/E6 is independent of concentrations of humic materials [72].
In this respect, we also consider that this may be due to physicochemical and biological
(soil environment) factors that contribute to ensuring a certain reversible balance between
the degradation and polymerization of biolignin. If this equilibrium is in the direction
of polymerization, the degradation products of lignin on one hand constitute one of the
sources of aromatic compounds, leading to the formation of humic substances with a low
E4/E6 ratio. According to Kunlanit et al. [39], lower values of the E4:E6 ratio of humic acids
are indicated by a higher degree of polymerization. On the other hand, if this equilibrium
shifts in the direction of degradation, this results in the appearance of humic substances
with a high E4/E6 ratio, which characterizes fulvic acids; by lowering the molecular weight
of biolignin, most likely through the elimination of aliphatic compounds, an increase in
oxygen content is suggested by Chen et al. and Haddad et al. [68,72]. It is for these reasons
that we assume that the degradation of biolignin is important in D2 compared to D1. We
have already recorded that D2 has a direct effect on the activation of microbial biomass
and laccase activity compared to DO and D1. This explains why the degree of humification
of D2 is less important than D1. Therefore, we assume that an extension of amendment
time is necessary for soil D2 to stabilize and strongly humiliate (mature).

We note that at day 0 the E4/E6 ratio values of D1 (2.250) and D2 (4.167) are significant
compared to DO (0.50). This finding supports the findings of RMNC13 lignin (lignin
extraction and analysis) that lignin is a strong humic substance. According to Cunha
et al. [67], there is a relationship between the ratio of E4/E6 and aromaticity and the degree
of condensation of the chain of aromatic carbons of the humic acids.
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Additionally, we note that the non-amended soil D0 recorded low values of E4/E6
ratio < 2, while significant values of the E4/E6 ratio of soil humic acids generally range
from 2 to 5 [73]. However, it is assumed that these low D0 values are significant and reveal a
low degree of humification at the time phase 120 days (1.818) to 180 days (1.714). In parallel
to this time phase, DO recorded an increase in carbon and a decrease in pH, revealing soil
maturation. Even though this soil is not amended and has light organic matter, it can be
said that this is due to the effect of the humidity, which is irrigated every 2 days, and the
influence of the parameters (physicochemical and biological).

In summary, the E4/E6 ratio allows the evaluation of humification, which is observed
in amended and non-amended soils, especially at the end of 180 days; biolignin makes the
difference between these soils by their humification degree. This proves its direct effect on
humification.

4.2. Monitoring the Dynamics of Lignin Amendment and the Correlation between Parameters of
Degraded Soil Fertilization

4.2.1. The Impact of Physical and Chemical Factors on Soil Amendment

We can say that during the 180 days, the amendment dynamic takes place in two
phases of time PCA1 (Figure 5A,B), the first 0-60 days and another >60-180 days, for almost
all the treatments, which confirms what has been said previously in the interpretation of
amended soil factors (Figures 2—4).

The correlations observed during these two phases express the relationship between
the physical factor and chemical factor results of the degradation/maturation of organic
matter. These relationships explain that during the 180 days of amendment, the physical
factors w% and T °C influence the chemical factors C%, N%, C/N, pH, and E4/E6.

During the first phase of 0-60 days, the transformation of the organic matter is under
control of the pH and w% and has a very important impact on the dynamics of C% and
N%. On the other hand, in the second phase (>60-180 days), it is controlled by temperature
and correlates positively with the E4/E6 humification index, N% nitrogen, and especially
with D2. D2 correlates negatively with DO unamended soil. This confirms that the biolignin
amendment has a direct effect on humification, which is controlled in this second phase by
temperature.

4.2.2. The Impact of Biological and Chemical Factors on Soil Amendment

These correlations shown in PCA2 (Figure 5C,D) between biological (bacteria, fungi,
laccase) and chemical factor results of degradation (C%, N%, C/N, and E4/E6) reveal that
biolignin has a direct effect on all biological variables, including microbial biomass utilizing
lignin substrate and catalyzing polymerization/de-polymerization reactions by the laccase
enzyme. This phenomenon is observed during the 180 days and in two phases of time. In
the first phase (0-30 days), we assume that the oxidation of lignin is partial and controlled
by fungi, which allows the appearance of new molecules, which will be polycondensed
and become wetted by the increase in carbon at 30 days and the E4/E6 humidification
index with the D1 and D2 treatments.

In the second time phase (>60-180 days), we assume that the polymerization/
depolymerization phenomenon is controlled by bacteria. However, the oxidation of bi-
olignin is almost total and the reaction goes in the direction of depolymerization much more
than polymerization because the laccase activity was important during this phase, with
significant carbon reductions. At the end of 180 days of the amendment, the humification
index E4/E6 and the increase in carbon reveal a humification of the degraded soil.

4.3. The Correlation between Physical, Chemical, and Biological Factors on Soil Amendment

According to redundancy analysis (RDA), a correlation is illustrated in Figure 6
between physical, chemical, and biological factors. We can say that the pH and w% have a
direct impact on fungi in the young phase (0-60 days), and the temperature has a direct
impact on bacteria and laccase in the mature phase (>60-180 days). This can be discussed
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depending on the results of the D2 treatment (Tables S2 and S3), as over the 180 days of
the amendment, D2 scores the highest number of correlations. D2 is the concentration
of 4 g of biolignin in 1 kg of soil poor in organic matter (a factor limiting the growth of
microbial biomass). We recorded that this concentration of D2 combined with chemical
and physical factors (pH, w%, T °C) is in favor of a better use of lignin as an energy source
for the growth of microbial biomass and the formation of humified organic matter [74].

It is presumed that this is described in two phases of time: a first phase (0-60 days)
and a second phase (>60-180 days). In the first phase, we notice that the physical and
chemical factors (temperature of 13 °C, neutral to slightly alkaline pH 7.6-8.34, and soil
moisture between 60 and 22.33%) are the important factors that have affected the growth
of fungi, the degradation of easily degradable organic matter, and the degeneration of
biolignin. As described by [43], the most important factors affecting fungal growth are
temperature (the majority of fungi are mesophile, which grow between 5 °C and 37 °C)
and pH (most fungi favor an acidic environment but tolerate a wide range of pH in the
presence of a source of carbon and nitrogen). Figure 6 clearly shows that the correlation
between fungi, pH, w%, C%, and E4/E6 explains that, in our case, the pH and w% are
the most favorable factors, which allow us to register an impact on fungi during the first
60 days.

Gul et al. [14] reported that microorganisms that can degrade lignin at a more rapid
rate of degradation are fungal communities. Therefore, some authors, to accelerate the
degradation of lignocellulosic, use inoculation, e.g., with fungi producing non-specific
laccase [75]. It is also assumed that the chemical composition of biolignin influences
how it is degraded by microorganisms. Due to lignin’s composition, it is made up of
p-hydroxyphenyl (H), Guayaquil (G), and syringyl (S) and bound by C-C and C-O-C
bonds [76]. These units (H, S, G) that make up lightning are generally found in annual
plants [23] or monocotyledonous plants such as Esparto grass [76], and the ratio of G: S: H
units varies from species to species [77]. According to the structural study of Esparto grass
conducted in Tunisia by Abdelkafi et al. [11] and the structural study of Algerian Esparto
grass obtained by soda lignin [23], lightning produced by Esparto grass is characterized
by the presence of H, G, S, and O-4 (arylglycerol-beta-aryl ether) units and other bonds.
However, the difference between these studies lies only in the percentage of H, G, S, and
the types of bonds.

Gul et al. [14] also reported that there is evidence that the chemical composition of
lignin affects its decomposition, where the constituent units of lignin S and H are degraded
in preference to G-gaiacyl and form aryl-aryl CC bonds, which are more condensed and
stronger than the (3-O-4 bonds favorably formed by syringyl lignin. In addition, the fungi
seem to preferentially attack the 3-O-4 bonds rather than the aryl-aryl bonds, which
explains, in our case (Figure 6), the importance of the correlations fungi, PH, w%, C%, and
E4/E6. We also note that, at first, the fungi degraded the 3-O-4 bonds of biolignin Esparto
grass obtained by CIMV and the molecules resulting from this degradation intervened in
the polycondensation and humification, which were observed at 30 days (E4/E6 5.440 and
Carbon 1.692) (Tables S2 and S3).

In the phase >60 days—180 days, it was recorded that under physical and chemical
conditions including temperature between 22 and 38, pH between 7.25 and 7.7, and soil
moisture between 10.05 and 25.72% and with the correlations observed (bacteria, T °C,
N%, and laccase activity) in RDA (Figure 6 and Tables S2 and S3), the temperature is the
most important factor affecting bacterial growth and biolignin degradation. According to
Gul et al. [14], some bacteria degrade lignin but at a much slower rate than fungi, such
as those belonging to actinomycetes, & proteobacteria, and y proteobacteria. In our case,
this explains why, as the temperature rose in the second phase compared to the first, the
bacteria grew. This is also manifested by laccase catalysis at 38 °C at 120 days and a max
value of laccase activity 4.239 IU and at minimal nitrogen values revealed by PCA, followed
by a second humification observed at 180 days revealed by E4/E6 5.833 with pH 7.06.
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In all these cases, we can state that our results confirm that biolignin treatment of the
soil has made a difference compared to control soil not treated with biolignin, improving
the physical-chemical and biological properties of degraded barren soil.

5. Conclusions

This study was carried out to valorize a new bio-organic fertilizer, which is biolignin
extracted from Esparto grass fibers, as a good source of organic matter for degraded soils.

The composition and structure of this extract product are quite analogous to those
of the native polymer in the plant, which results from the green method used in the
extraction process called CIMV. This last one is also a method of the paper industry
targeting environmental depollution.

However, in six months, remarkable variations in the physico-chemical and biological
characteristics of the amended soil have appeared. Indeed, the ratio of 4 g biolignin/1 kg
soil (D2 treatment) has shown the most interesting variation regarding, on the one hand,
the most important nutrients carbon (C) and nitrogen (N), and on the other hand, the
significant degree of humification, which is an important indicator of the stability and
maturity of organic matter in soils.

The results of our work indicate that biolignin produced by the green chemistry
process CIMV from Stipa tenacissima fibers has strongly improved the biological and
physicochemical soil properties, and therefore it could be very useful in the sustainable
management of degraded soil fertility. Thus, it would also be possible to use this biolignin
on an industrial scale with the prospect of avoiding environmental pollution caused by the
paper industry.

However, it would be interesting to monitor the long-term dynamics of the effect of
Esparto grass biolignin application as a modification to this degraded soil.

This study’s findings can assist another complementary study to control, optimize,
and improve the properties of degraded soils as far as continuing to be environmentally
friendly to soils through the extraction process used.

As a recommendation for further research, it would be worthwhile to emphasize the
biolignin detoxification of polluted water and soil, monitoring the dynamics of biolignin
fertilization of degraded land using non-destructive physical techniques such as RMN solid
C13, and finally, the identification of the microbial biomass responsible for degradation,
which would be very useful from biolignin and targets how to alter microbial populations
to optimize the proper fertilization of degraded land.
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